Assessing past temperature and soil pH estimates from bacterial tetraether membrane lipids: Evidence from the recent lake sediments of Lochnagar, Scotland by Tyler, J. J. et al.
Click
Here
for
Full
Article
Assessing past temperature and soil pH estimates from bacterial
tetraether membrane lipids: Evidence from the recent lake
sediments of Lochnagar, Scotland
Jonathan J. Tyler,1,2 Alexandra J. Nederbragt,3 Vivienne J. Jones,1
and Jürgen W. Thurow3
Received 5 August 2009; revised 20 October 2009; accepted 2 November 2009; published 24 March 2010.
[1] Past variation in soil pH and air temperature can potentially be reconstructed from the
relative abundance in sediments of branched glycerol dialkyl glycerol tetraethers
(GDGTs), synthesized by anaerobic bacteria. Specifically, the cyclization of branched
tetraethers (CBT) is believed to be a function of pH, whereas temperature can be estimated
from a combination of the extent of both the CBT and methylation of branched tetraethers.
Here we explore this potential by comparing a recent sedimentary GDGT profile from
Lochnagar, Scotland, with reconstructed air temperature (statistically extrapolated from
regional instrumental data sets) and diatom‐inferred lake water pH for the past ∼200 years.
Branched glycerol dialkyl glycerol tetratether and diatom‐inferred pH generally agree
throughout the core, supporting the use of cyclization of branched tetraethers to reconstruct
pH. During the period of rapid industrial acidification (∼1860–1970 A.D.), changes in
diatom‐inferred pH lag behind those inferred using branched tetraethers by between 10
and 50 years, possibly due to differing nonlinear responses to acid deposition within soil
and lake water environments. However, branched‐GDGT‐derived temperatures are both
lower than extrapolated mean annual air temperature estimates (by ∼5°C) and exhibit at
least double the rate of reconstructed warming (∼2.5°C in 200 years). At Lochnagar,
methylation and cyclization of branched tetraethers are closely correlated (r2 = 0.96)
suggesting that in this setting the underlying controls over the two indices may not
significantly differ. Therefore the validity of branched‐GDGT‐derived temperature is
uncertain and further research is required to address the environmental controls over
branched glycerol dialkyl glycerol tetratether synthesis and thus their value as
palaeoclimate proxies.
Citation: Tyler, J. J., A. J. Nederbragt, V. J. Jones, and J. W. Thurow (2010), Assessing past temperature and soil pH estimates
from bacterial tetraether membrane lipids: Evidence from the recent lake sediments of Lochnagar, Scotland, J. Geophys. Res.,
115, G01015, doi:10.1029/2009JG001109.
1. Introduction
[2] The relative abundance of soil‐derived branched
glycerol dialkyl glycerol tetraethers (GDGTs) within marine
and lacustrine sediments is rapidly gaining interest as a
proxy for past air temperature and soil pH of continental
regions [Peterse et al., 2009a, 2009b; Rueda et al., 2009;
Sinninghe Damstè et al., 2008; Weijers et al., 2007a, 2007b,
2007c]. Branched GDGTs are probably produced in soils by
anaerobic bacteria and are globally abundant [Sinninghe
Damstè et al., 2000; Weijers et al., 2006a, 2006b, 2007c].
Weijers et al. [2007c] proposed two indices concerning
branched GDGTs: the relative abundance of cyclopentyl
moieties (cyclization of branched tetraethers (CBT)) and the
relative abundance of methyl branches (methylation of
branched tetraethers (MBT)) [Weijers et al., 2007c]. A study
of 134 soil samples demonstrated an empirical relationship
between CBT and pH (r2 = 0.7), whereas the MBT ratio was
correlated with temperature (r2 = 0.62) and pH (r2 = 0.37).
Together, temperature and pH explained most of the variance
in MBT (r2 = 0.82), presenting the opportunity to estimate
temperature as a function of CBT and MBT combined (r2 =
0.77) [Weijers et al., 2007a, 2007b, 2007c]. Further support
was obtained by Peterse et al. [2009b], who observed similar
effects of in situ soil temperature and pH on MBT and CBT
in geothermally heated soils. In addition, Rueda et al. [2009]
reconstructed air temperatures from coastal marine sediments
off southern Norway and Sweden for the last 200 years before
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present, which compare favorably with regional instrumental
summer air temperatures for this period. However, Sinnighe
Damstè et al. [2008], in a study of branched GDGTs in
soils across an altitudinal gradient at Mount Kilimanjaro,
Kenya, observed a temperature dependence over the MBT
ratio which was inconsistent with previous calibration efforts.
They concluded that localized calibration studies are required
in order to achieve accurate palaeotemperature estimates
using this method [Sinninghe Damstè et al., 2008]. Additional
concerns were raised by Peterse et al. [2009a] whose data
suggest substantial in situ production of branched GDGTs in
coastal sediments off Svalbard, thus highlighting the need to
focus on sediments with a high soil‐derived organic content.
Branched GDGTs have been used to reconstruct continental
temperature and soil pH over the last glacial‐interglacial
transition in the Congo Basin, Africa [Weijers et al., 2007a],
during the Palaeocene‐Eocene Thermal Maximum (PETM)
from Arctic Ocean sediments [Weijers et al., 2007b] and at
the Oligocene‐Eocene boundary in Greenland [Schouten et
al., 2008], all using marine sediments. To our knowledge,
there have been no applications to date using lake sediments,
despite obvious potential in settings where soil‐derived
organic matter represents a major contribution to the sedi-
mentary record.
[3] Calibration of complex palaeoclimatic proxies using
geographically arranged data sets can be problematic because
the nature and extent of the forcing environmental gradient
quite often differs between spatial and temporal contexts.
Consequently, although spatial data sets are pivotal in the
development of a new method, the ability of that method to
accurately replicate recorded temporal changes is also a nec-
essary prerequisite. Therefore, we analyzed MBT and CBT
ratios from recent lake sediments at Lochnagar, Scotland
(spanning the past ∼200 years) for comparison with geo-
graphically extrapolated instrumental temperature and inde-
pendently derived pH estimated from diatom assemblages.
Lochnagar has been the site of extensive palaeo‐ and neo-
limnological research since the early 1980s and therefore
provides a wealth of evidence against which to test the
validity of the branched GDGT method for reconstructing
past pH and temperature.
2. Site
[4] Lochnagar (Latitude 56.959°N; Longitude 3.231°W;
National Grid Reference 325200 785900) is a corrie loch
(lake) lying at an altitude of 788 m above sea level (asl) in
the eastern Highlands of Scotland (Figure 1). The history of
research at Lochnagar, including the lake morphology,
catchment and biota have been described in detail elsewhere
[Dalton et al., 2005; Rose et al., 2004; Rose, 2007; Tyler et
al., 2007; Yang et al., 2002a]. Briefly, the catchment con-
sists of biotite granite, overlain in places by shallow blanket
peats, extensive boulder fields and scree with very little evi-
dence of human alteration. The lake lies above the potential
tree line (∼650 m asl) and has a sparse catchment vegetation
consisting of Calluna, Vaccinium and a number of mosses
and lichens [Birks, 2007]. The lake has an average depth of
8.4 m, with a steep bathymetry and a maximum depth of 26 m
[Hughes, 2007]. It has a surface area of 9.8 ha, with a
catchment to lake ratio of 9.4 [Hughes, 2007]. The spatial
variability of sediment accumulation rate within Lochnagar
during the last 140 years was studied by Yang et al. [2002a,
2002b], who revealed that the depth of sediment deposited
between 1860–1997 varied between 3 and 30 cm. Higher
sediment accumulation rates were estimated within the
northern and eastern margins of the lake, contrasting with
lower sediment accumulation in deeper water to the south and
west, where a steep corrie wall rises from the lake edge [Yang
et al., 2002a].
[5] Lake water monitoring has been ongoing at Lochnagar
since 1980, with an increase in frequency since the inception
of the UK Acid Waters Monitoring Network (AWMN, 1988
to present), and more recently the EU funded research pro-
jects MOLAR (1996–1999), EMERGE (2000–2003) and
Eurolimpacs (2004–2009). These projects have provided
extensive background information on lakewater major ion
chemistry, aquatic biology, meteorology and lake water tem-
perature [Rose, 2007]. Lochnagar has a sedimentary sequence,
which spans the Holocene [Dalton et al., 2005], and a number
of palaeolimnological projects have been carried out focusing
on recent deposition of atmospherically transported pollutants
[Battarbee et al., 1996; Jones et al., 1993; Rose et al., 2004;
Yang et al., 2002a]. Mean contemporary lake water pH is 5.5,
having decreased markedly since the beginning of the indus-
trial revolution ∼1860 [Battarbee et al., 1996; Jones et al.,
1993; Monteith et al., 2007]. The extent of the recovery of
Lochnagar to recent declines in industrial emissions and acid
rain is a matter of continued debate [Monteith et al., 2007;
Rose et al., 2004], hence the potential value of an alternative
means of reconstructing catchment soil pH.
3. Methods
3.1. Sediment Cores
[6] Sediment cores were taken from the Environmental
Change Research Centre (ECRC) archive, having been col-
lected, sliced (into subsamples of 0.2 to 1 cm thickness) and
air‐dried during previous research projects. Dry sediments
were stored in airtight, sterile polythene bags in a dark, cool
environment. Material from three cores, NAG21, NAG27
and NAG29 was analyzed (Figure 1). NAG21 (30 cm) was
recovered using a gravity corer [Glew, 1991; Yang et al.,
2002a], while the longer (170 cm) NAG27 and NAG29
cores were collected using a percussion piston corer
[Chambers and Cameron, 2001; Dalton et al., 2005; Yang et
al., 2007]. Sediment chronologies were based on previously
published calculations whereby two cores were dated using
210Pb, and the distinctive first occurrence of spheroidal car-
bonaceous particles (SCP), representing the onset of indus-
trial emissions from 1860, was used to link subsequent cores
to this chronology [Dalton et al., 2005; Jones et al., 1993;
Rose et al., 2004; Yang et al., 2002a, 2007]. Cross correlation
between cores was achieved by matching the core tops,
representing the coring date (1997) and the 1860 SCP hori-
zon. A composite depth and estimated age was fitted by linear
interpolation between these tie points assuming constant
sedimentation rate [Yang et al., 2002b, 2007].
3.2. GDGT Analysis
[7] For analysis of GDGT composition, samples were
ultrasonically extracted once with methanol, three times
with dichloromethane (DCM)/methanol (1:1, v/v), and three
times with DCM. The extracts were split into apolar and
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Figure 1. Lochnagar (a) site location, (b) regional hydrology, (c) catchment topography, and (d) bathymetry
with coring locations.
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polar fractions by column chromatography using activated
Al2O3 as the stationary phase and a hexane/DCM (9:1, v/v)
and DCM/methanol (1:1, v/v) mixture, respectively, as the
eluent. Extracts were dried under a continuous N2 flow at
40°C. The separated fraction was then dissolved in hexane/
propa‐2‐nol (99:1, v/v) and filtered through a 0.45 mm
PTFE filter. GDGT abundances were analyzed in the
department of Earth Sciences at University College London
on an Agilent 1200 series high‐performance liquid chroma-
tography (HPLC) attached to a G6130A single quadrupole
mass spectrometer. The analytical protocol followed is as
described by Schouten et al. [2007a]. The abundance of both
isoprenoid and branched GDGTs were measured in single ion
scanning mode. Due to limited sample amounts, few replicate
analyses were possible from Lochnagar sediments. Eight
duplicate analyses gave errors of 0.012 for MBT and 0.011
for CBT (1 standard deviation, n = 8). More frequent repeat
calculation of the GDGT‐derived Tex86 and BIT indices
[Weijers et al., 2006b] from two in‐house standards (marine
sediment and mixed marine/terrestrial sediment) yielded
standard deviations of 0.007 (n = 39) and 0.01 (n = 8),
respectively. Further, in an interlaboratory comparison exper-
iment, results from our laboratory were found to compare
favorably with data from other laboratories [Schouten et al.,
2009].
[8] Empirical models for CBT and MBT as a function of
soil pH and mean annual air temperature (MAT) were for-
mulated byWeijers et al. [2007c] by analysis of 137 globally
distributed soils
MBT ¼ 0:867 0:096 * pH þ 0:021 *MAT; ð1Þ
CBT ¼ 3:33 0:38 * pH; ð2Þ
MBT ¼ 0:122þ 0:187 *CBTð Þ þ 0:020 *MATð Þ: ð3Þ
In order to reconstruct pH (pHCBT) and MAT (TMBT) from
Lochnagar sediments equations (2) and (3) were inverted to
derive
pHCBT ¼ CBT 3:33ð Þ= 0:38 ð4Þ
TMBT ¼ MBT 0:122 0:187 *CBTð Þð Þ=0:020: ð5Þ
3.3. Diatom Analysis
[12] Using the same samples as those analyzed for
GDGTs, an independent reconstruction of lake water pH
was achieved by analysis of diatom microfossils following
standard methods [Battarbee et al., 2001]. Samples were
heated (70°C) in hydrogen peroxide for removal of organic
matter, followed by 10% HCl for removal of trace carbonates
with rinsing three times in deionized water and concentration
by centrifugation (1500 rpm) between chemical treatments
[Battarbee et al., 2001]. The residual diatom material was
mounted upon microscope slides using Naphrax® optical
adhesive and a minimum of 300 diatoms were counted per
sample using phase contrast light microscopy at 1200 times
(oil immersion) magnification, with identification following
Krammer and Lange‐Bertalot [Krammer and Lange‐Bertalot,
1986, 1988, 1991a, 1991b]. Diatom‐inferred pH (pHdiat) was
achieved using four methods: classical and inverse weighted
average (WA) and weighted average partial least squares
(WA‐PLS) regression based on the Surface Waters Acidifi-
cation Project (SWAP) calibration training set [Battarbee and
Renberg, 1990; Birks et al., 1990; ter Braak and Juggins,
1993].
4. Supporting Data
[13] Long‐term air temperature records exist for a number
of stations in the United Kingdom, most notably the Central
England Temperature record [Folland et al., 2001; Manley,
1953, 1974; Parker et al., 1992]. However, due to marked
climatic differences with altitude, a linear relationship between
lowland monitoring data and the upland climate of Lochnagar
cannot be assumed. Agusti‐Panareda and Thompson [2002]
addressed this issue by developing empirical temperature
extrapolation models for a number of European high eleva-
tion lakes, including Lochnagar, which accounted for seasonal
variability in altitudinal lapse rate. These model estimates
were validated against 13 monthly mean temperatures, mea-
sured on site, to enable hindcasts of Lochnagar air temperature
for the period 1781–1995 [Agusti‐Panareda and Thompson,
2002].
5. Results: Branched GDGTs in Lochnagar
Sediments
[14] Glycerol dialkyl glycerol tetraethers (GDGTs) were
abundant in all samples (for chemical structures see
Appendix A of Weijers et al. [2007c]). In agreement with
previous research [Weijers et al., 2006b, 2007c], branched
GDGTs containing one or more cyclopentyl moieties (Ib–IIIb
and Ic–IIIc) are less abundant than those containing none
(I–III) (Table 1 and Figure 2). GDGTs with two additional
methyl branches at sites C‐5 and C‐5′ and one or more
cyclopentyl moieties were not detected. Throughout the sedi-
ment profile, GDGT II was most abundant, with GDGT III
second most abundant above 9.5 cm, and GDGT I second
most abundant below 13.5 cm (Table 1). DowncoreMBT and
CBT indices exhibit limited between sample variability and
coherent long‐term trends (Figures 3a and 3b). Between 50
and 15 cm depth, both ratios are relatively constant, whereas
both show increases between 15 and 0 cm. MBT values
increase from 0.28 at 50 cm depth to 0.38 at the surface,
while CBT values increase from 1.2 to 1.4. MBT and CBT
are highly correlated (r2 = 0.96, Figure 3c).
[15] The validity of GDGT‐inferred pH (pHCBT) and tem-
perature (TMBT) can be assessed through comparison with
independent diatom‐inferred pH and extrapolated instru-
mental climate data (Figure 4). In the Lochnagar sediment
profile, pHCBT is correlated with diatom‐inferred pH (pHdiat)
with an r2 of 0.84 (Figure 4 (top)). Reconstructed pH values
using the two methods are very similar, within a range of
∼0.2 pH units prior to 1860 (between 50 and 15 cm), and
within 0.4 pH units between 1860 and 1997 (15–0 cm), and
both follow similar trajectories, with values declining since
1860 (i.e., with decreasing depth above the 15 cm/1860 SCP
marker horizon, Figure 4 (top)). However, during the period
of pH decline post 1860, pHdiat appears to lag pHCBT,
whereby pHCBT decreases more gradually, beginning at
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1860 (15 cm), and pHdiat decreases more sharply, between
1900 and 1930 (10–6 cm; Figure 4 (top)). The two recon-
structions converge once more after 1930 (6–0 cm), however
pHdiat remains ∼0.2 pH units higher than pHCBT (Figure 4
(top)). There is a slight indication that pHdiat stabilizes in
the most recent sediments, possibly as a result of reduced
pollution emissions since the 1970s, however such a pattern
is less clear in pHCBT, which decreases continually toward
the surface sediments except for two small increases around
10 cm and 4 cm (Figure 4 (top)).
[16] BecauseMBT andCBT correlate, MBT also correlates
with pHdiat. Consequently, MBT/CBT‐inferred temperature
is inversely correlated with reconstructed pHCBT and pHdiat.
Reconstructed temperatures (TMBT) are relatively constant
before 1860 (50–15 cm, ∼−3°C) and increase by ∼2.5°C
between 1860 and 1997 (15–0 cm; from −3.5°C to −1°C,
Figure 4 (bottom)). Although calibrated against mean annual
air temperature [Weijers et al., 2007c] TMBT estimates are
consistently lower than instrumentally derived mean annual
air temperature (Tmod) by ∼5°C, instead corresponding more
closely with mean winter (DJF) air temperatures. The rate of
reconstructed warming according to TMBT is more than
double that estimated by Tmod. During the same period, Tmod
(mean annual temperature) exhibits linear warming trends of
0.16°C between 1781 and 1860 (i.e., equivalent to 23–15 cm
sediment depth) and 0.52°Cbetween 1860 and 1995 (15–0 cm)
[Agusti‐Panareda and Thompson, 2002]. The mean annual
warming trend is set against a shift in the balance of seasonal
temperature trajectories: winter (DJF) temperatures increase
by 0.66°C between 1781 and 1860 but decrease by 0.21
between 1860 and 1995 whereas summer (JJA) temperatures
decrease by 0.58°C between 1781 and 1860 but increase by
0.69°C 1860–1995 (Figure 4 (bottom)) [Agusti‐Panareda
and Thompson, 2002]. Although the trends before and after
1860 differ, there is no indication that 1860 or thereabouts
was a significant change point, as is suggested by TMBT
(Figure 4). Irrespective of season, Tmod is characterized by a
gradual long‐term trend and short‐term fluctuations about a
mean of 4°C, with a notable temperature minimum between
1815 and 1820 (∼19 cm, Figure 4 (bottom)). Due to the poorer
resolution of the sediment data, it is unclear whether or not
some of the short‐term variability in TMBT corresponds with
Tmod.
6. Discussion
6.1. CBT‐pH Relationship
[17] It is well established that lake water acidification
occurred across Europe and North America in the 19th and
20th centuries as a result of industrially derived acid rain
[Battarbee, 1990; Flower and Battarbee, 1983]. Empirical
pH‐diatom relationships have been observed in a variety of
settings, across both spatial and temporal gradients, sup-
porting the use of diatom‐based pH transfer functions
[Battarbee, 1994; Battarbee et al., 2001; Birks et al., 1990;
Cameron et al., 1999;Dixit et al., 1992;Korhola et al., 1999].
Table 1. Sample Information, Relative Peak Intensity for GDGTs, and Calculated MBT and CBT Values From Lochnagar Sediment
Cores
Core Depth (cm)
GDGT Relative Peak Intensity (× 105)
MBT CBTIII IIIb IIIc II IIb IIc I Ib Ic
NAG21 0.25 6.65 – – 13.14 0.48 0.17 11.90 0.42 0.21 0.38 1.45
NAG27 0.5 33.19 – – 63.22 2.26 0.76 56.41 2.13 0.81 0.37 1.44
NAG27 0.7 47.24 – – 97.55 3.08 1.51 82.96 3.09 1.19 0.37 1.47
NAG27 1.1 32.53 – – 70.51 2.21 0.74 61.14 2.22 0.71 0.38 1.47
NAG27 1.5 27.35 – – 55.58 1.87 0.69 50.70 1.85 0.77 0.38 1.46
NAG27 1.9 28.09 – – 59.91 1.81 0.76 52.25 1.96 0.76 0.38 1.47
NAG21 2.25 9.42 – – 16.53 0.73 0.21 14.33 0.56 0.20 0.36 1.38
NAG27 2.3 34.36 – – 68.35 2.38 0.83 63.31 2.43 0.87 0.39 1.44
NAG21 3.25 36.91 – – 60.87 2.56 1.02 52.60 2.03 0.81 0.35 1.39
NAG21 4.25 57.25 – – 97.43 4.00 1.35 85.62 3.20 1.23 0.36 1.40
NAG21 5.25 41.79 – – 73.78 2.68 0.92 61.58 2.39 0.81 0.35 1.43
NAG21 6.25 26.65 – – 49.19 1.96 0.70 41.91 1.65 0.58 0.36 1.40
NAG21 7.5 43.49 – – 72.08 2.90 0.94 59.82 2.53 0.84 0.35 1.39
NAG21 8.5 61.06 – – 86.37 4.49 1.36 70.90 3.28 1.05 0.33 1.31
NAG21 9.5 41.57 – – 51.04 2.96 0.66 42.98 2.04 0.58 0.32 1.27
NAG21 10.5 52.27 – – 66.37 3.49 0.74 55.22 2.52 0.67 0.32 1.31
NAG21 11.5 31.46 – – 40.54 2.21 0.48 35.25 1.60 0.50 0.33 1.30
NAG21 12.5 40.42 – – 47.58 2.82 0.77 41.20 2.00 0.60 0.32 1.27
NAG21 13.5 42.02 – – 45.26 2.65 0.60 36.57 1.85 0.51 0.30 1.26
NAG21 14.5 72.33 – – 74.26 4.97 0.85 54.89 3.08 0.81 0.28 1.21
NAG29 15.25 32.94 – – 36.42 2.39 0.48 23.93 1.66 0.37 0.26 1.17
NAG21 15.5 50.83 – – 50.56 3.60 0.75 38.03 2.39 0.56 0.28 1.17
NAG21 16.5 48.38 – – 55.52 4.12 0.92 40.97 2.48 0.62 0.29 1.16
NAG21 17.5 45.49 – – 51.17 3.80 1.03 34.83 2.30 0.55 0.27 1.15
NAG21 18.5 45.33 – – 48.99 3.44 0.98 33.59 2.08 0.55 0.27 1.17
NAG29 21.25 32.05 – – 37.20 2.55 0.56 27.02 1.65 0.44 0.29 1.18
NAG29 25.75 31.57 – – 35.11 2.63 0.63 23.78 1.78 0.47 0.27 1.13
NAG29 30.75 48.70 – – 51.74 3.90 0.82 35.76 2.53 0.59 0.27 1.13
NAG29 35.75 59.05 – – 65.17 4.62 0.99 45.57 3.03 0.66 0.28 1.16
NAG29 40.75 34.59 – – 38.44 2.76 0.64 23.92 1.78 0.41 0.25 1.14
NAG29 45.75 84.26 – – 90.93 7.12 2.04 63.18 4.68 1.08 0.27 1.12
NAG29 50.75 40.33 – – 46.63 3.41 0.85 33.95 2.37 0.62 0.29 1.14
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The correlation between CBT and diatom‐inferred pH from
the Lochnagar sediments suggests that both reflect a response
to acid rain deposition, supporting the concept that CBT also
varies as a function of pH (Figure 4 (top)). However, a firm
conclusion based on these data is restricted due to differences
in the site of production. While diatoms grow within the lake,
branched GDGTs are probably synthesized by anaerobic
bacteria within the surrounding catchment soils [Weijers et
al., 2006a, 2006b], although recent research has suggested
in situ production of branched GDGTs within either coastal
marine water or marine sediments [Peterse et al., 2009a]. In
contemporary catchments, soil and lake water pH do not
necessarily correlate, so an exact correlation between pHdiat
and pHCBT was not expected. However, due to the acidic
soils, limited groundwater input and short water residence
time of the Lochnagar catchment [Jenkins et al., 2001;
Monteith et al., 2007; Tyler et al., 2007], both soil pore water
and lake water pH are likely to be heavily influenced by the
chemistry of precipitation. Therefore, considering the small
area, sparse vegetation and shallow soils of the Lochnagar
catchment, it is not surprising that soil and lake water pH both
decreased as a result of acid deposition.
[18] At Lochnagar, downcore changes in pHdiat and pHCBT
exhibit similar patterns and absolute values, suggesting
that they both responded to the same external forcing (acid
deposition). However, changes in pHdiat lag behind pHCBT,
and a number of explanations can be proposed for this.
Because diatoms are authocthonous, the diatom signal would
be expected to respond more immediately to change than the
branched GDGTs, which are catchment derived and thus
dependent on transport processes. Therefore, it is unlikely
that preferential transport and sedimentation of GDGTs
explains the lagged response of pHdiat. More likely, the
observed pattern indicates differential responses within soil
and lake water to acid deposition, due to different buffering
capacity. The peaty nature and base‐poor bedrock of the
Lochnagar catchment indicate that the soils were probably
poorly buffered prior to acid deposition. In addition, the
proportionately higher surface area to water volume of the
catchment soils compared to the lake would have led to
concentration of atmospheric pollutants within the soil, which
acts as a filter during throughflow. Consequently, it is pos-
sible that soil bacteria will have been exposed to lower pH
conditions for a period during which lake water chemistry
underwent a more gradual change. A third explanation
invokes a more complex response within the diatom com-
munity to external acidification. Although a relationship
between diatom species assemblage and water pH has been
demonstrated a number of times, there is no detailed eco-
physiological understanding of how pH influences the
growth and competitive abilities of individual taxa [Battarbee
et al., 2001]. Changes in the species composition of photo-
autotropic communities, including diatoms, are a function of
a number of factors, including water chemistry, climate and
inherent biological interactions [Battarbee, 2000; Battarbee
et al., 2001; Reynolds, 2006]. It is therefore possible that
the response of the diatom community to acidification was
nonlinear, and may have required the breach of a particular
ecological threshold prior to a response within the species
composition. Overall, the comparison between pHdiat and
pHCBT in the Lochnagar sediments supports the use of either
proxy and suggests (1) that CBT is indeed a function of soil
water pH and (2) that lake water acidification over the past
two centuries at Lochnagar occurred alongside deposition of
acid pollutants, as indicated by SCP accumulation, and
acidification of surrounding catchment soils.
Figure 2. HPLC/mass spectrometry base peak chromato-
gram illustrating the branched GDGTs found in core
NAG21 sample 0–0.5 cm. Roman numerals identify GDGTs
given in Table 1.
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6.2. MBT‐pH/Temperature Relationship
[19] The potential use of the CBT and MBT indices to
reconstruct past air temperature is rapidly gaining interest in
palaeoclimatology. To date, this approach has only been
applied to cores collected from marine sediments off arctic
Siberia, tropical Africa, Greenland and Norway [Rueda et al.,
2009; Schouten et al., 2008;Weijers et al., 2007a, 2007b]. In
particular, such studies enable an assessment of the changing
ocean‐land temperature gradient, with implications for past
regional atmospheric circulation and precipitation [Weijers et
al., 2007a]. However, studies of branched GDGTs in con-
temporary environments indicate that uncertainties remain
concerning the validity of palaeoclimate reconstructions
using this method [Peterse et al., 2009a; Rueda et al., 2009].
[20] There is good evidence that global air temperature
has increased significantly over the past 200 years
[Intergovernmental Panel on Climate Change, 2007], and
that these changes are reflected in the regional climate data
for the United Kingdom [Manley, 1974; Parker et al., 1992].
Reconstructed air temperature at Lochnagar suggests that these
changes were manifest at the study site [Agusti‐Panareda and
Thompson, 2002], supported by anecdotal evidence for
marked reductions in duration of lake ice cover and catch-
ment snow depth over the past century [Rose, 2007]. It is
important to note that the reconstructed mean annual air
temperatures (Tmod) are also subject to error, being derived
from multiple regression using lowland instrumental weather
data [Agusti‐Panareda and Thompson, 2002]. Based on
Figure 3. Down core variability in (a) CBT and (b) MBT in Lochnagar sediments versus depth from
sediment‐water interface (cm); (c) scatterplot of CBT versus MBT. Point types represent which core
was analyzed: solid circles are NAG21, open squares are NAG27, and open triangles are NAG29. Error
bars represent 1 standard deviation from duplicate measurements (n = 8).
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comparison between reconstructed Lochnagar air tempera-
ture and 13 on site (automatic weather station) monthly mean
temperature measurements, Agusti‐Panareda and Thompson
[2002] noted a bias between observed and predicted tem-
peratures within a range of +1.3 to −1.5°C, with a mean bias
of −0.6°C. In particular, the largest biases occurred during
spring and autumn months, however, Agusti‐Panareda and
Thompson [2002] estimate that these monthly biases trans-
late to prediction errors of ±0.3°C for mean annual air tem-
perature. Nevertheless, it is possible that Tmod values are
slightly lower than true air temperatures at Lochnagar, but
not to the degree of difference between Tmod and TMBT.
TMBT estimates fall consistently ∼5°C lower than Tmod and
are more comparable with estimated winter temperatures for
Lochnagar (Figure 4 (bottom)). To date, very little is known
concerning the synthesis of branched GDGTs in soils,
Figure 4. (top) Comparison of CBT‐inferred pH (solid black line and circles) with diatom‐inferred pH
(four models, gray solid and dashed lines). (bottom) Comparison of CBT/MBT‐inferred temperature using
equation (5) (black line and circles) with estimated mean annual air temperature (solid black line) and mean
winter (DJF) and summer (JJA) temperatures (gray lines, from Agusti‐Panareda and Thompson [2002]).
Error bars represent 1 standard deviation analytical error from duplicate analyses (n = 8). Vertical dashed
line indicates 1860 sphaeroidal carbonaceous particle marker horizon at 14.0 cm.
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including the nature of the bacteria and the environmental
and seasonal controls over their activity. However, because
the Lochnagar catchment is snow covered during much of the
winter and temperatures are generally at or below freezing,
we would not expect branched GDGTs to be preferentially
synthesized during the winter [Peterse et al., 2009a]. Our
data from Lochnagar also contrast with observations by
Rueda et al. [2009] who noted a correlation between TMBT
and regional summer air temperatures from recent marine
sediments off the Norwegian coast. Comparison of the winter
and summer trends in Tmod provides further evidence against
potential winter synthesis of branched GDGTs. Winter
reconstructed temperatures increase between 1781 and 1860
and show a moderate decrease between 1860 and 1995,
whereas summer reconstructed temperatures decrease prior
to 1860 and increase thereafter. Therefore, in terms of the
direction of change (but not magnitude), TMBT is more
comparable with summer rather than winter changes at
Lochnagar. In addition, the onset of a period of marked
MBT/CBT‐inferred warming, which begins shortly after the
1860 SCP marker horizon, does not resemble extrapolated
air temperatures (Tmod) or regional instrumental data for this
period (Figure 4 (bottom)). Furthermore, the magnitude of
warming in TMBT is greater than double that of Tmod, either
for mean annual or mean summer (JJA) temperatures.
Clearly, further research is required into the seasonal patterns
of branched GDGT synthesis in soils, however the early
indication is that TMBT markedly underestimates air tem-
peratures for Lochnagar and exaggerates the magnitude of
postindustrial warming (Figure 4 (bottom)). The low tem-
poral resolution of the Lochnagar sediment record restricts a
comparison with the finer details of the extrapolated instru-
mental data and independent effects of temperature change
overMBT at Lochnagar are difficult to identify since, to some
extent, the effects of increasing temperature will have been
partially masked by concurrent decreases in pH. Neverthe-
less, TMBT values from Lochnagar indicate that uncertainties
exist with regards the validity of MBT‐inferred air tempera-
ture estimates at sub‐centennial timescales.
[21] The correlation between MBT and CBT suggests that
short‐term variability in MBT at Lochnagar is dominated by
changes in pH, overriding the effects of temperature. This in
turn raises questions concerning the validity of the global
MBT‐temperature correlation. Similar concerns are raised
when examining the calibration data set of Weijers et al.
[2007c] (Figure 5). In particular, a weaker influence of
temperature at lower temperatures (higher latitudes, 0–15°C)
is evident, with residual deviation between observed and
predicted temperature in some cases >10°C at temperatures
<15°C, compared with a more definite relationship at tem-
peratures >20°C (Figure 5). It is therefore possible that the
effect of temperature on high latitude, low temperature
branched GDGTs has been overestimated, with additional
factors explaining MBT variability in these soils. Support for
such a hypothesis can be found in recent studies, whereby
although a clear MBT‐temperature relationship can be
observed in low latitude and high temperature (geothermally
heated) soils [Peterse et al., 2009b; Sinninghe Damstè et al.,
2008], studies at higher latitudes have proved less conclusive
[Peterse et al., 2009a; Rueda et al., 2009]. At Lochnagar,
CBT and MBT (and pHdiat) correlate, which is not the case in
the Weijers et al. [2007c] data set. If CBT is controlled by
changes in catchment pH, then this suggests that MBT is
affected by an additional factor which varies with latitude in
the Weijers et al. [2007c] data set, but which remained con-
stant at Lochnagar, i.e., independent of temperature change.
Therefore, some of the latitudinal variability in MBT could
be a function of other factors, including geographic vari-
ability in the organisms which produce branched GDGTs
[Schouten et al., 2007b; Uda et al., 2001] or the influence
of soil type, geology or thermally dependent diagenetic
processes [Peterse et al., 2009a]. Soil chemical data in the
Weijers et al. [2007c] data set are limited to electrical con-
ductivity, total cation and pH values and none demonstrate
any marked trends with latitude, except that soils in very low
latitudes typically have low total cations. However, soil type
and chemistry are known to vary significantly with latitude,
climatic regime, land use and geology [Rowell, 1994] and
thus may warrant further attention with regards their influ-
ence over branched GDGT synthesis. Therefore, further
efforts are needed to calibrate the effect of temperature over
branched GDGT abundance, particularly on a local level
[Peterse et al., 2009a; Sinninghe Damstè et al., 2008], with
greater control over soil conditions and bioactivity [Peterse et
al., 2009b]. More investigations into the sources of GDGTs
and their fate postdeposition are also required [Peterse et al.,
2009a].
7. Conclusion
[22] We compared pH and air temperature reconstructions
derived from the MBT and CBT indices of branched GDGTs
with independent evidence from diatom assemblages and
instrumentally derived climate data, using the recent lake
sediments of Lochnagar, Scotland. Diatom and CBT‐inferred
pH (pHdiat and pHCBT, respectively) correlate well in the
Lochnagar sediments, with differences only in the rate of
acidification suggested by the two different methods. Possibly,
this indicates differences in the buffering capacity between
Figure 5. The relationship between predicted and observed
air temperature from the Weijers et al. [2007c] calibration
data, derived using equation (5) (TMBT) by inversion of
equation (3). Solid line is 1:1, and gray dashed line is Lowess‐
smoothed response.
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catchment soils and lake water together with a nonlinear
response from the diatom communities. Nevertheless, the CBT
ratio appears to be a promising method for reconstructing
catchment pH. Uncertainties exist regarding branched GDGT‐
inferred air temperature (TMBT). TMBT values are under-
estimated by ∼5°C in comparison with extrapolated mean
annual air temperature, while overestimating the rate of
warming during the last ∼200 years. MBT and CBT (and
therefore pHdiat) are correlated at Lochnagar, a lack of inde-
pendence which suggests that the existing calibration model
insufficiently describes the environmental controls over MBT,
possibly due to geographical variability in soil properties
not accounted for previously. Consequently, the global
applicability of MBT‐inferred temperature remains uncertain.
Therefore, despite obvious potential for the use of branched
GDGTs to reconstruct past continental air temperature and pH,
further efforts are required in understanding the role of source,
environment and diagenesis on the relative abundance of these
biomarkers on a local scale.
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